The observational relation between the density of baryon and dark matter in the Universe, Ω DM /Ω B ≃ 5, is one of the most difficult problems to solve in modern cosmology. We discuss a scenario that explains this relation by combining the asymmetric dark matter scenario and the spontaneous baryogenesis associated with the flat direction in the supersymmetric standard model.
I. INTRODUCTION
The existence of dark matter (DM) [1, 2] and the present baryon asymmetry [1, 3] are the most important challenges in modern cosmology since it is quite difficult to accommodate them in the context of the standard model of particle physics (SM). Many attempts to explain them separately have been proposed. For example, thermal relics of weakly interacting massive particles (WIMP) can explain the present dark matter abundance elegantly [2, 4] .
Affleck-Dine (AD) baryogenesis [5, 6] , baryogenesis through leptogenesis [7] , electroweak baryogenesis [8] , and so on have been proposed as viable models for baryogenesis. However, the coincidence of the present density parameter of baryons and dark matter, Ω DM /Ω B ≃ 5 [1] , is extremely difficult to explain. One of the reasons lies in the fact that CP violation is essential for baryogenesis [3] while the thermal relic DM does not need CP violation. Thus, we cannot help but regard such a coincidence as an accident as far as the thermal relic scenario is responsible for the present dark matter abundance. Recently, an alternative scenario of DM that explains this coincidence dubbed as "asymmetric dark matter (ADM)" [10] has been paid great attention. In this scenario, DM is assumed to be charged under a global symmetry, which guarantees the stability of DM.
Asymmetry between DM and "anti"-DM is generated by the same physical origin as baryon asymmetry or transferred from baryon asymmetry generated by baryogenesis mechanism [11] . If DM annihilation works sufficiently, the present DM is fully asymmetric so that the DM abundance coincides with its asymmetry. Since the present number densities of baryons and DM are linked (typically almost the same) in this scenario, the coincidence is naturally explained as long as the mass of DM, M DM , is of the order of GeV scale. 2 In fact, the mass of DM is related to the proton mass, m p , as follows:
where n B(DM) /s and Ω B(DM) represent the baryon (DM) number-to-entropy ratio and the energy density parameter of baryon (DM), respectively.
Among many baryogenesis models, spontaneous baryogenesis [13] is an attractive scenario in that it can work even in thermal equilibrium. In this mechanism, a nonvanishing velocity 1 Very recently, an interesting WIMP scenario [9] was proposed, in which WIMP dark matter annihilation is directly responsible for baryogenesis. 2 See, for example, Ref. [12] for other attempts to explain the coincidence.
of a scalar field,φ, violates CP T invariance of the system and generates an effective chemical potential between baryon and antibaryon through a derivative coupling between the scalar field and the baryon current. When the system is in thermal equilibrium including baryon symmetry breaking interactions, the distribution of baryon and antibaryon differs due to the chemical potential, which implies the generation of baryon asymmetry even without CP violation. Such baryon asymmetry is fixed when the symmetry breaking interaction freezes out. Thus, as long as a slow-rolling scalar field derivatively coupled to the baryon/lepton current, it is easy to realize baryogenesis [14] .
An ADM model associated with spontaneous baryogenesis dubbed as "spontaneous cogenesis" has been proposed by March-Russell and McCullough recently [15] . They discussed the ADM scenario by introducing a global U(1) X symmetry and a slow-rolling light scalar field, which is assumed to be derivatively coupled to the X current. The asymmetry is generated in the DM sector and transmitted to the visible sector through the mixing operator which mediates X and B − L violating interactions but preserves one of their combinations.
The annihilation of the symmetric part of dark matter works well in some region of the parameter space. However, since the spontaneous mechanism works in the DM sector, the origins of not only the DM field but also the light scalar field are unidentified, in particular, the presence of the derivative coupling is simply assumed.
On the other hand, Chiba, Takahashi, and one of the present authors (MY) have pointed out that such a derivative interaction can be naturally realized and spontaneous mechanism works well [16] in the context of flat directions in the minimal supersymmetric standard model (MSSM) [17] . Once a flat direction acquires the vacuum expectation value (VEV), the symmetry possessed by the flat direction, typically a combination of the B and L symmetries, is broken. Then, the Nambu-Goldstone (NG) boson associated with its symmetry breaking is shown to be derivatively coupled to the current. Its slow-roll motion due to an explicit symmetry breaking A term induces the chemical potential of particles charged under the symmetry. Thus, baryon (B − L) asymmetry is spontaneously generated as long as the symmetry breaking/mixing operator, which can be easily introduced as a nonrenormalizable operator in the MSSM sector, is in thermal equilibrium. Moreover, it is shown that this mechanism can work even for a flat direction without B − L charge 3 thanks to the mixing operator, which is essentially the same introduced later by March-Russell and McCullough in the context of cogenesis.
In this paper, we propose another ADM scenario by use of the MSSM flat direction, in which the associated NG boson derivatively couples to a combination of the B and L currents, and its velocity induces an effective chemical potential. By introducing a DM field, its associated charge D, and a nonrenormalizable mixing interaction that violates B, L and D charges simultaneously, dark matter and B − L asymmetries are generated at the same time, which favors dark matter with GeV scale mass. Moreover, typically speaking, there also exists an interaction violating only a combination of B and L charges in the MSSM sector. Provided that such an interaction freezes out a little after the freeze-out of the mixing interaction, 4 the baryon number density becomes slightly larger than that of the DM. Thus, our scenario can accommodate DM with the weak-scale mass, which may enable us to easily identify the origin of DM. 5 We also find that the annihilation of the symmetric part of DM works efficiently if we extend our visible sector to the next-to-minimal supersymmetric standard model (NMSSM) [18] . Thus, our scenario is suitable for realizing an ADM model and even accommodates TeV scale dark matter.
This paper is organized as follows. In the next section, the spontaneous baryogenesis in the MSSM flat direction is briefly reviewed. A general discussion of the spontaneous cogenesis as an ADM model is also made in the context of the MSSM. In Sec. III, we discuss concrete examples of spontaneous cogenesis and investigate realistic parameter range to explain the present baryon and DM abundance simultaneously. We also comment on the annihilation process of symmetric part of DM. Section IV is devoted to our conclusions and a discussion.
genesis. It should be also noticed that this spontaneous mechanism works for a flat direction with neither baryon nor lepton charge by introducing another charge like the Peccei-Quinn charge.
[16] 4 This requirement is natural because the latter interaction breaks the symmetry more strongly than the former interaction. 5 In the case that a light scalar field derivatively couples to the D current as discussed in Ref. [15] , such a slight enhancement happens for the number density of dark matter instead of baryon charge, even if we introduce an interaction violating only D charges. In this case, the mass of dark matter must be smaller than GeV.
II. SPONTANEOUS COGENESIS IN A FLAT DIRECTION

A. Review of Spontaneous Baryogenesis in a Flat Direction
First we briefly review the spontaneous baryogenesis mechanism proposed by Cohen and Kaplan [13] and its realization in a flat direction of the supersymmetric standard model [16] .
Let us consider an effective Lagrangian in which a scalar field a derivatively couples to the
Here M is a cutoff scale and the baryon current is given by
with B m being the baryon number of the field ψ m (ϕ m ). When a homogeneous scalar field a acquires a nonvanishing classical velocity, ∂ µ a = (ȧ, 0), the effective Lagrangian (2) reads, As the temperature of the Universe decreases, the baryon number violating interaction decouples at T = T dec . If it happens before the decay of the field a, the baryon number 6 Here we consider only the baryon symmetry U (1) B for simplicity but it can be straightforwardly extended to the case with another global U (1) symmetry. density is frozen out at the value,
where g m is the degree of freedom of ψ m (ϕ m ) and κ m is defined as
2 for scalar fields (ϕ m ).
The baryon-to-entropy ratio is fixed at reheating if T dec > T R and at the decoupling temperature if T R > T dec , where T R is the reheating temperature. Before reheating, the Universe is dominated by the inflaton oscillation, but thermal plasma has already existed, during which the temperature is related to the Hubble parameter as
with M G and H being the reduced Planck mass and the Hubble parameter, respectively. Thus, the present baryon-to-entropy ratio is given by
where g * s ≃ 200 is the effective degrees of freedom of relativistic fields. No entropy production after reheating is also assumed.
Following the discussion of Ref. [16] , we see how the effective Lagrangian like Eq. 
where N is the number of superfields χ i that constitute the flat direction. The expectation value of a scalar field corresponding to χ i (we use the same symbol for a superfield and its scalar part) can be decomposed as
where f i / √ 2 is the absolute value of χ i and θ i is its phase. Note that their values are related each other due to the F -and D-flat conditions. Since the field χ i is charged under the U(1) B or U(1) L symmetry, we need to treat both symmetries adequately for spontaneous baryogenesis in a flat direction. For this purpose, we consider U(1) A ± symmetries, which are the two independent linear combinations of the U(1) B and U(1) L symmetries. The U(1) A ± charges of the field χ i are defined as
with ξ given by
Here we denote the charges of χ i as B i and L i , respectively. The flat direction X is charged under U(1) A + but is not charged under U(1) A − as a whole.
In order to identify NG bosons, we express the phase of the scalar field θ i as [19, 20] 
where α B , α L , α + and α− are the angles conjugate to the generators of the symmetries, respectively, and are related as
The NG bosons associated with the spontaneous breaking of the U(1) A ± symmetries are denoted as a ± and can be expressed by the angles α ± through the decay constant matrix F ,
Since the (canonical) kinetic terms of a ± are given by those of χ i with f i fixed, the decay constant matrix F satisfies the following relation:
On the other hand, the decay constant matrix F takes the following form because only the NG boson a + is lifted by an A term, as we will see later:
with 
where m ′ runs all the fields that are charged under the U(1) A + symmetry, reduces to
Current conservation gives the equation of motion for a + ,
While the first term in the middle equation in Eq. (23) represents the kinetic term for the NG mode a + , the second term comes from the following effective Lagrangian:
which represents a derivative coupling of the NG boson a + and the charged fields. Thus, a nonvanishing velocity of a + can lead to spontaneous genesis of U (1) A + asymmetry as long as the symmetry breaking operator is in thermal equilibrium. When the field a + is homogeneous, the effective Lagrangian reduces to L eff = mμ m n m with the chemical
Next, let us discuss the dynamics of a flat direction. Though the scalar potential vanishes along the flat direction in the supersymmetric and renormalizable limit, it can be lifted [6] by the supersymmetry (SUSY)-breaking effects and a nonrenormalizable superpotential of the form,
with M * being a cutoff scale and n = Nk. Then, the resultant scalar potential is written as
Here V S represents the soft breaking effect that depends on the SUSY-breaking mechanism, and the second term in the right-hand side comes from supergravity effects and is called an A term. m 3/2 is the gravitino mass and a 3/2 is a complex numerical factor whose amplitude is of the order of unity.
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During inflation, a flat direction can acquire negative Hubble induced mass squared if it has a noncanonical interaction to the inflaton in the Kähler potential with appropriate sign and magnitude [6] ,
where c H is a positive constant of the order of unity. This term destabilizes the flat direction from the origin so that it acquires a large expectation value, whose magnitude is determined by the balance between the negative Hubble induced mass term and the F term,
During the inflaton oscillation dominated era, in addition to the Hubble induced mass (28) which remains until the inflaton decay (that is, reheating), thermal effects [21] can also kick the flat direction from the origin through the negative thermal logarithmic potential [22] ,
This term represents a two-loop finite temperature effect coming from the running of the gauge/Yukawa coupling associated with the nonzero expectation value of the flat direction.
Though the sign of α depends on a flat direction, we take it to be positive here. Depending on which term dominates, the flat direction sits on the value given in (29) or the minimum given by
As the Hubble parameter and the temperature of the Universe decrease, the soft SUSYbreaking mass term and other zero temperature terms overwhelm these terms, which makes the potential minimum the origin. The radial component of the flat direction, φ, starts its oscillation around the origin when H 2 ∂ 2 V /∂φ 2 . In the same way, the NG boson also starts its oscillation when
where V ′′ represents the second derivative of the scalar potential with respect to a + . The oscillation of the NG boson a + typically takes place earlier than that of φ. Until the onset of its oscillation, the NG boson remains in the slow-roll regime, which is required for the spontaneous genesis [20] .
The motion of the NG boson a + is governed by an A term because it breaks the U(1) A + symmetry explicitly and generates the potential for a + . The A term can be expressed as
9 Even during the inflaton oscillation dominated era, thermal plasma exists as a subdominant component of the Universe, coming from the inflaton decay.
). Then, the equation of motion of a + is given bÿ
While the condition
H 2 is met, the NG boson a + is in the slow-roll regime, which leads to
Here we have approximated sin(kQ + a + /v a ) ≃ 1 and φ ≃ φ min . Then,ȧ + acquires a nonvanishing expectation value,
For successful spontaneous baryogenesis, the B − L breaking interaction must be decoupled during the slow-roll of the NG boson a + because, otherwise, the resulting B − L asymmetry is severely suppressed [20] .
Let us see how spontaneous baryogenesis works in a flat direction. Since the sphaleron process is expected to work at a later epoch, 10 B − L asymmetry must be generated for successful baryogenesis. Otherwise, the sphaleron process would wash out both B and L asymmetries. For this purpose, we consider a B − L breaking interaction, whose amount of B and L violations are denoted as ∆ B and ∆ L , respectively. Since B and L asymmetries are generated only through this interaction, they must satisfy the following relation:
However, the asymmetries based on the chemical potentialμ m defined in Eq. (25) do not necessarily obey the above constraint, which requires the chemical potential to be modified.
The constraint (37) is rewritten in terms of the number density of χ m , n m , as
which is also equivalent to the condition for the chemical potential for
10 The sphaleron process is usually assumed to be in thermal equilibrium for T 10 12 GeV. However, in case that the weak gauge bosons become massive due to the large VEV of a flat direction, the sphaleron configuration is not excited so that it is effective only after the decay of the flat direction.
Thus,μ m should be modified so as to be perpendicular to Ξ m , yielding the physical chemical
where we have defined the following shorthand:
Since the number density of χ m , n m , at the decoupling temperature is expressed as
the resultant B − L asymmetry is given by
Here we have defined
and assumed B m L m = 0 for all the χ m fields, which are reasonable for the (supersymmetric) standard model particles. From (43), it is manifest that the following two conditions must be satisfied for successful B − L genesis:
Thus, the B − L asymmetry is generated even if a flat direction X itself does not have a B − L charge. Depending on whether the B − L breaking interaction is decoupled before or after the reheating, the final B − L asymmetry is estimated as
After the decay of the flat direction, a part of the B − L asymmetry is converted to the baryon asymmetry through the sphaleron effect,
Thus, we have a successful baryogenesis scenario with appropriate parameter choices such as reheating temperature or gravitino mass in the context of the supersymmetric standard model [16] .
B. Spontaneous Cogenesis
We present a scenario of spontaneous cogenesis in the supersymmetric flat directions in the similar way as discussed in the previous subsection. For this purpose, we introduce an additional U(1) symmetry denoted as U(1) D , which is responsible for the stability of dark matter, and a pair of chiral supermultiplets Ψ andΨ whose U(1) D charge are 1 and −1, respectively. These fields construct a mass term,
We also assume that the standard model fields are neutral under U(1) D and the superpotential of the system can be expressed as W = W MSSM + W mass in the renormalizable limit, where W MSSM is the superpotential for the MSSM. 
which are equivalent to relations on the number densities of m-th field,
with
These relations are also rewritten in terms of chemical potential as
Then, the physical chemical potential of m-th field can be expressed as
with the numerical parameters β 1 and β 2 given by
Then, the B−L and D asymmetries at the decoupling of the mixing interaction are estimated
with T dec being the decoupling temperature of the mixing interaction. From these expres- Depending on the decoupling temperature, the present asymmetries are estimated as
If annihilation process works sufficiently, only asymmetric part of D charges, that is, the Ψ (orΨ) particle remains, which is responsible for the present dark matter. Since the ratio of the D asymmetry to the B − L one is determined by the amounts of violations of the mixing interaction,
it is fixed after the freeze out of the mixing interaction. After the decay of the flat direction, the sphaleron process converts a part of the B − L asymmetry into baryon asymmetry so that the present baryon-to-entropy ratio is given by,
Therefore, the DM mass given by
can explain not only the present dark matter abundance,
but also the present baryon-to-entropy ratio, 
whereΞ m is defined as
if there are no other symmetry breaking interactions. This relation is rewritten in terms of chemical potential asΞ
with the numerical constant β given by
(69) From this expression, the B − L and D asymmetries at the decoupling of the mixing interaction 11 are estimated as
with T dec2 being the decoupling temperature of the mixing interaction. Thus, it is manifest that the following three conditions must be satisfied for successful dark matter genesis (cogenesis),
The first condition implies that D violation is necessary for the genesis of D asymmetry. Depending on the decoupling temperature, the present D asymmetry is estimated in terms of number-to-entropy ratio as
(74) 11 We assume that the B − L violating interaction decouples after the decoupling of the B-L-D mixing interaction since the symmetry the former breaks is smaller than that the latter does.
On the other hand, the B − L violating interaction continues to generate B and L asymmetries. Since the amounts of variation of these asymmetries generated after the decoupling of the mixing interaction are determined only by the violating interaction, B and L asymmetries must satisfy the following relation,
This relation is rewritten in terms of the chemical potential as
Then, the chemical potential of m-th field can be expressed as
with the numerical constantβ given bỹ
The B − L asymmetry at the decoupling of the B − L violating interaction, T = T dec1 , is estimated as
In the case of C(T dec1 , T dec2 ) = 0, 12 depending on the decoupling temperature, the present 12 This is an appropriate approximation since the asymmetry ∆ L1 n B − ∆ B1 n L at the decoupling of the mixing interaction is considerably suppressed by a factor of (a(T dec2 )/a(T )) 3 . Even if C(T, T dec2 ) has a non-negligible value, the present asymmetry is easily calculated by the same procedure.
B − L number-to-entropy ratio is evaluated as
After the decay of the flat direction, the sphaleron process switches on and reconfigures the baryon asymmetry so that the present baryon asymmetry is estimated as
The ratio of the D asymmetry to the B − L asymmetry is suppressed by a factor of
apart from a numerical factor, if T R < T dec1 , T dec2 and the temperature dependence of the chemical potential is neglected. Therefore, the mass of Ψ given by
can explain the present dark matter abundance (63) and the baryon-to-entropy ratio (64)
simultaneously. Thus, this scenario can accommodate dark matter with weak scale mass if
One may wonder whether the baryon and dark matter isocurvature perturbation would be too large to be consistent with the present observations. The isocurvature perturbations roughly can be estimated by
with H inf being the Hubble parameter during inflation. Therefore, for large M * compared to the Hubble parameter during inflation, the baryon and dark matter isocurvature perturbations are significantly suppressed.
III. APPLICATION
Here we consider concrete examples of spontaneous cogenesis in a flat direction of the MSSM with B − L = 0 and B + L = 0. The AD mechanism works only for a flat direction with B − L charge, otherwise the sphaleron process would wash out B and L asymmetries before the electroweak phase transition. 13 On the other hand, spontaneous baryo/cogenesis can work even for a flat direction without B − L charge. Therefore, in order to avoid too large asymmetry generated by the AD mechanism, we investigate the cogenesis scenario along a flat direction without B − L charge.
For definiteness, we choose the QQQL flat direction parameterized as
where r, b and g are color indices, and f, α B and α L are real parameters. In this example, all f i 's defined in Eq. (9) are identical and denoted by f , which yields φ = f for the representative scalar field. Since the weak gauge bosons become massive due to the large VEV of the flat direction, the sphaleron process does not work until the decay of this flat direction. For this flat direction, ξ, Q ± i and v a defined in Eqs. (10), (11), (12) and (18) are given by
Since some of the fields become massive due to the direct coupling to the flat direction when it acquires a large VEV, the quantities that represent the light degrees of freedom of baryon, lepton, and dark matter are estimated as
respectively. The reason why half-integer baryon and lepton number squared appear comes from the fact that some of massless eigenstates are realized as mixed states of (s)quarks and (s)leptons.
In order to evaluate the effective chemical potential, we discuss the evolution of the flat direction. Though the scalar potential along the flat direction vanishes in the supersymmetric and renormalizable limit, it is lifted up by a nonrenormalizable superpotential,
with M * being a cutoff scale for this interaction and SUSY-breaking effect. Assuming the negative Hubble induced mass squared, the flat direction is destabilized at the origin and acquires a large VEV. After inflation, the (negative) thermal logarithmic potential Eq. (30) arises from thermal plasma that exists even in the inflaton dominated era as a subdominant component of the Universe. Note that all the gauge fields become massive since the QQQL flat direction completely breaks the SM gauge groups. Thus, thermal logarithmic potential coming from the two-loop finite temperature effects is dominated by the effect of the running of the top Yukawa coupling with the nonzero field value of the scalar fields. Since the oneloop correction to the top Yukawa coupling is negative, the thermal logarithmic correction turns out to be negative [23] . Then, the dynamics of the QQQL flat direction follows the discussion in Sec. II A with n = 4. During the inflaton oscillation dominated era, this potential has a minimum at
with the critical temperature T c given by
After reheating, the negative Hubble induced mass squared vanishes. Then, the potential minimum is determined by the balance of the thermal logarithmic potential and the F term, and is given by
The flat direction follows this minimum until the mass term 14 overwhelms the thermal logarithmic potential at
Below this temperature, the flat direction starts its oscillation around the origin and decays quickly since its decay rate Γ ∼ m 3/2 /8π is much larger than the Hubble parameter H ∼ 14 Here we assume the gravity mediated SUSY-breaking mechanism.
Thus, Q balls would not be formed because of the quick decay of the flat direction.
While the NG boson a + slow-rolls, its velocity is estimated from Eqs. (36), (89) and (91) as
Then, the chemical potentialμ m defined in Eq. (25) is given bȳ
where we have used Eqs. (24) and (93). The slow-roll violating condition of the NG boson given in Eq. (32) is expressed in terms of the temperature as
Equation (95) is valid for T > T slow . Otherwise, they are severely suppressed because the field a + oscillates rapidly [20] .
A. The case with only a B-L-D mixing interaction
First we consider a spontaneous cogenesis scenario with only a B-L-D mixing interaction discussed in Sec. II B 1. As an illustrative example, we consider the following superpotential,
which induces a B-L-D mixing interaction,
where the tilde represents the fermion component of a chiral multiplet. Here we impose Z 2 symmetry on the DM sector. Some flavor and color combinations ofūdd (e.g.,ū
b R1d g R2d r R3 ) remain massless even though the QQQL flat direction acquires a large VEV. Then, this mixing interaction is in thermal equilibrium at high temperature. More specifically, the rate of the interaction is given by Γ ∼ T 5 /(8πΛ 4 ), which leads to its decoupling temperature,
Since the amounts of B, L and D violation in this interaction are given by
the operators Ξ 
Then, the present B − L and D asymmetries are estimated from Eqs. (58), (59), (94), and
Here we have assumed thatȧ + < 0.
A part of the B − L asymmetry is transferred to B asymmetry through the sphaleron process that works only after the QQQL flat direction decay. The present baryon asymmetry of the Universe is, then, estimated as
The observed baryon asymmetry given in Eq. (64) can be explained with the parameters, for example, T R ≃ T dec ≃ 10 12 GeV, m 3/2 ≃ 4.5 × 10 5 GeV, and M * > 2 × 10 27 GeV. Notice that the conditions T R > T c , T slow are satisfied for these parameters. If annihilation of the Ψ fields occurs sufficiently (this issue is discussed later), theΨ field with the mass of
is also responsible for the present dark matter abundance given in Eq. (63).
One may wonder such a high reheating temperature generates too many lightest supersymmetric particles (LSPs) such as neutralinos that could overclose the Universe or induces the gravitino problem. These problems can be avoided if the mass of LSP is small enough, as is the case with the axino LSP scenario. Such a small LSP mass is a natural assumption since a light particle is required for the annihilation of DMs in the first place.
B. The case with both a B-L-D mixing interaction and a B −L violating interaction
We consider a scenario with a B − L violating operator given by
as well as the B-L-D mixing interaction given in Eq. (97). The latter operator comes from a nonrenormalizable superpotential,
with Λ ′ being a cutoff scale. As discussed in the previous subsection, by taking adequate flavors and colors, all the fields constituting of this interaction remain massless even though the QQQL flat direction acquires a large VEV. The amounts of B, L and D violation of these interactions are given by 
As discussed in Sec. II B 2, D asymmetry is generated thanks to the charge mixing/symmetry breaking interactions. Depending on the decoupling temperature, from
Eqs. (74), (94) and (95), the present D asymmetry is estimated as
where we have assumedȧ + > 0.
Assuming T dec1 < T dec2 , the factor C(T, T dec2 ) given in Eq. (75) is evaluated as
with µ B (T ) = µ L (T ). Then, the resultant B − L asymmetry at the decoupling temperature
Since a 3 µ(T )T 2 increases rapidly as T decreases, the second term in Eq. (112) is negligible.
Then, depending on the decoupling temperature, from Eqs. (82) and (95), the present B asymmetry is estimated as 
with the parameters, T R ≃ T dec1 ≃ 10 12 GeV, m 3/2 ≃ 10 5 GeV, M * > 5 × 10 27 GeV, and
GeV, if the annihilation process works sufficiently.
Note that the condition T dec1 T dec2 is a natural assumption because they are both dimension 6 operators and hence their cutoff scales have similar magnitudes with Λ ′ Λ.
Operators whose dimension is less than 6 would decouple at higher temperature in the inflaton oscillation dominated era and at lower temperature in the radiation dominated era.
Thus, such interactions may never be in thermal equilibrium in the cosmic history and hence we do not consider them.
C. Dark matter annihilation
In order for a cogenesis scenario to be successful, the symmetric part of DM must be annihilated enough at thermal freeze-out. Such an annihilation process works significantly when its annihilation cross section satisfies σv rel > 10 −9 GeV −2 [4, 24] . Here we show that this issue is accomplished by embedding our scenario in the NMSSM, which can explain the origin of the dark matter mass as well. Instead of giving the mass term of dark matter W mass = M Ψ ΨΨ and the µ term W = µH u H d explicitly, we consider the following superpotential,
where S is an additional singlet field and λ Ψ , λ H and κ are numerical coefficients. Induced by the soft SUSY-breaking effect, S acquires a nonvanishing VEV, S , which generates the mass term of dark matter and the µ term,
For λ Ψ ≃ λ H ≃ O(1) and S ≃ 10 2−3 GeV, we can obtain both the dark matter and the Higgs masses with the electroweak scale. By decomposing the field S into the radial and the phase components S = (s/ √ 2)e ia/s with s replaced by the VEV, s = √ 2 S , Ψ andΨ can annihilate into the pair of a field if its mass is smaller than M Ψ . 15 This annihilation process occurs through the following interaction,
with the annihilation cross section given by
For M Ψ ≃ s ≃ 1TeV, we obtain σv rel ∼ 10
which is large enough to annihilate the symmetric component of dark matter. For M Ψ ≃ 1
GeV, the annihilation cross section seems too small to annihilate the symmetric part of dark matter significantly. This problem can be avoided if we introduce a bare µ term,
in addition to the superpotential (115). In this case, the observed µ term is expressed as
Then, the annihilation cross section (118) is enhanced by a factor of (µ/(µ − µ 0 )) 4 and it can be large enough to annihilate the symmetric part of DM sufficiently.
IV. CONCLUSION AND DISCUSSION
In this paper, we have discussed an ADM model as an extension of the spontaneous baryogenesis in the supersymmetric standard model. A slow-rolling scalar field derivatively coupled to the matter current is identified with a flat direction in the supersymmetric standard model, which arises as a consequence of the Nambu-Goldstone's theorem. In this setup,
we have explicitly shown that the present abundances of the baryon and the dark matter can be naturally explained by introducing a nonrenormalizable B-L-D mixing interaction and a 15 The field a acquires the mass from the A term. Here we assume that it is smaller than the soft mass ≃ m 3/2 .
few GeV dark matter mass. Moreover, in the case that there is a B − L violating operator in addition to such a mixing interaction, the baryon asymmetry can be slightly enhanced, which enables us to accommodate dark matter with a TeV scale mass. On the other hand, such an enhancement of the baryon asymmetry does not happen for a slow-rolling scalar field derivatively coupled the dark matter current.
We have found that our model favors relatively high reheating temperature and heavy gravitino mass, which may require some constraints on the mass spectrum of SUSY particles or introducing another new physical degree of freedom. However, our model can be naturally embedded in the NMSSM, which offers us a clue to solve this problem as well as the annihilation mode for the symmetric part of dark matter. It would be interesting to investigate its structure to satisfy the requirements of our scenario in more detail.
